Cellular alignment studies have shown that cell orientation has a large effect on the expression and behavior of cells. Cyclic strain and substrate microtopography have each been shown to regulate cellular alignment. This study examined the combined effects of these two stimuli on the alignment of bovine vascular smooth muscle cells (VSMCs). Cells were cultured on substrates with microgrooves of varying widths oriented either parallel or perpendicular to the direction of an applied cyclic tensile strain. We found that microgrooves oriented parallel to the direction of the applied strain limited the orientation response of VSMCs to the mechanical stimulus, while grooves perpendicular to the applied strain enhanced cellular alignment. Further, the extent to which parallel grooves limited cell alignment was found to be dependent on the groove width. It was found that for both a small (15 mm) and a large (70 mm) groove width, cells were better able to reorient in response to the applied strain than for an intermediate groove width (40 mm). This study indicates that microtopographical cues modulate the orientation response of VSMCs to cyclic strain. The results suggest that there is a range of microgroove dimensions that is most effective at maintaining the orientation of the cells in the presence of an opposing stimulus induced by cyclic strain. r
Introduction
It has been well established that cellular alignment through various modalities influences cell behavior. The ability to align cells thus enables one to modulate cell behavior. One method for achieving cellular alignment is through contact guidance, or culturing cells on substrates with microstructures to help guide the cells into the desired configuration. A common topographical pattern used for cellular alignment is microgrooves, which act as channels to affect cell morphology (Brunette et al., 1999; GlassBrudzinski et al., 2002; Glawe et al., 2005; Hsu et al., 2005) .
Cells cultured on untextured substrates have randomly distributed orientation angles, whereas in the presence of microgrooves, they show significant orientation along the mircrogrooves (Sarkar et al., 2005) . Studies into the efficacy of these channels have shown that cellular alignment is sensitive to the width, depth, and spacing of microgrooves, and that for a wide range of these dimensions, microgrooves are effective at maintaining alignment within the grooves (Glass-Brudzinski et al., 2002; Glawe et al., 2005) . The ability of cells to align as a result of microgrooves is well established, and cell response to microgrooves has been predicted using control theory (Kemkemer et al., 2006) . The microgrooves cause changes in cell behavior and further promote aligned ECM deposition (den Braber et al., 1998; Glass-Brudzinski et al., 2002) .
A second method for aligning cells is by means of a mechanical stimulus, commonly by an applied strain to the substrate containing the cell culture. Numerous studies have shown that cells plated on a substrate subjected to cyclic strain orient themselves perpendicular to the applied strain (Kim and Mooney, 2000; Standley et al., 2002) . Again, as a result of the alignment of the cells by the stimulus, the cells exhibit different behavior than when cultured on static substrates. Experiments by Kim and Mooney (2000) demonstrated that the application of cyclic strain was also associated with upregulation elastin and collagen. This in turn led to significantly higher Young's modulus and ultimate stress values. Isenberg and Tranquillo (2003) also found increases in the ultimate tensile strength and modulus of smooth muscle cells when exposed to a cyclic strain stimulus over a period of time.
Few studies have been conducted to examine the interplay between different cellular alignment modalities. The interplay between fluid shear forces and cyclic strain has been shown to be algebraically equal, with each of the stimuli being able to cancel the effect of the other in cultures subjected to both (Owatverot et al., 2005) . A study examining the interplay between cyclic strain and microgrooves showed that contact guidance via microgrooves was a stronger driving influence than cyclic strain (Wang and Grood, 2000 ). An applied cyclic strain stimulus intended to orient the cells away from the microgrooves was ineffective for all microgroove dimensions investigated.
Because the ability of microgrooves to orient cells is sensitive to all three dimensions of the groove, the current study aims at further investigating the interplay between cyclic strain and microtopography in aligning vascular smooth muscle cells (VSMCs). In the previously mentioned study of cyclic strain paired with microgrooves, the dimensions of the grooves were 10 mm wide by 3 mm deep, with 10 mm spacing. The range for which microgrooves can effectively align cells in culture is much wider, with efficacy having been shown with up to 60 mm wide grooves (Glawe et al., 2005 ). In the current study, three different groove widths were investigated, 15, 40, and 70 mm, at a depth of 5 mm and with 14 mm spacing.
Materials and methods

Thin polydimethylsiloxane (PDMS) films
Micropatterned films were created using previously established microfabrication and soft lithography techniques (Deutsch et al., 2000) . Silicon wafers were patterned using SU-8 photoresist spin coated to a thickness of 5 mm.
Micropatterned thin films of PDMS were created by pouring a 10:1 (w/w) mixture of Sylgard 186 (Dow Corning) and the crosslinking agent onto the patterned silicon wafer. The wafer was then placed on a spin coater (Specialty Coating Systems, Inc., Indianapolis, IN) and spun at 1000 rpm for 90 s. This process yielded thin films of PDMS approximately 150 mm thick.
In preparation for cell culture, thin PDMS films were treated with a layer-by-layer process to deposit alternating charged polyelectrolyte layers of poly(ethyleneimine) (PEI) and polystyrene sulfate to reduce hydrophobicity and promote cell adhesion. First, the films were incubated in PEI (1 mg/mL) in phosphate buffered saline (PBS) for 30 min. The films were then rinsed once with PBS. This was followed by a 30 min incubation in poly(styrenesulfonate) (PSS) sodium salt (Alfa Aesar, Ward Hill, MA, 3 mg/mL) in PBS. The films were then rinsed once with PBS. These steps were repeated two more times to complete the process. After the layer-bylayer treatment, thin films were incubated with human plasma fibronectin (Gibco, Grand Island, NY, 5 mg/mL in PBS) for 1.5 h at room temperature. Films were then rinsed with sterile PBS directly before seeding. Three or four films were used for each stretching condition (groove width and orientation combinations).
Cell culture
Bovine VSMCs (AG08504, Coriell Cell Repositories) were cultured on micropatterned and unpatterned thin PDMS films. VSMCs were maintained in Dulbecco's Modified Eagle Medium (Gibco) supplemented with 10% bovine calf serum (Hyclone, Logan, UT), 1% penicillin-streptomycin (Gibco) and 1% L-glutamine (Gibco). Prior to being seeded, VSMCs were serum starved for a minimum of 12 h to ensure that all cells were synchronized such that cell cycle variability was removed from the experiments. Cells were seeded onto the fibronectin-coated thin films at a seeding density of 5000 cells/cm 2 and allowed to attach for approximately 24 h. Thin films were then subjected to cyclic strain, or were cultured unstrained, for 24 h (Fig. 1 ).
Cyclic strain apparatus
To achieve a dynamic cell culture environment, a cyclic strain apparatus similar to one previously described (Kim and Mooney, 2000) was constructed (Fig. 2) . Briefly, each end of an elastic substrate was placed between two aluminum clamp pieces and secured with stainlesssteel screws. The film with its clamped ends was placed onto a moveable stage. One end of the film was secured to the moveable stage while the other end was secured to a stationary platform below. Cyclic motion of the stage was actuated by an enclosed gear motor outfitted with an eccentric hub. A stainless-steel link connected the hub to the moveable stage. A strain rate of 1 Hz was chosen as a physiological relevant rate. We chose a strain magnitude of 10% to match the range that is experienced by native blood vessels in vivo: values of cyclic strain in the range of 5-10% have been shown to upregulate collagen and elastin expression by VSMCs (Kim et al., 1999) as well as increase the Young's modulus and ultimate strength of collagen constructs populated with VSMCs in studies ranging 5-20 weeks (Kim et al., 1999; Isenberg and Tranquillo, 2003; Seliktar et al., 2003; Fig. 3 ).
Strain characterization
The actual strain field produced on the PDMS thin films was characterized using image analysis of the stretched films. To quantify the strain, thin films from each pattern and orientation group were made using the procedure described above. A marker was used to make 25 dots in a fiveby-five pattern on each film. The films were then loaded into the cyclic strain apparatus and placed under a Zeiss Stemi SV11 stereomicroscope (Carl Zeiss) with a camera attachment linked to a personal computer. Images were then taken at the minimum and maximum strain positions. The pairs of images were then analyzed using a cross-correlation algorithm written in Matlab (Mathworks, Natick, MA). Each image was divided into a regular array neighboring blocks of equal size such that each block contained one dot. The average displacement vector for each block, which was almost completely dominated by the displacement of the dot, was calculated.
These displacements, together with the strained and unstrained Cartesian coordinates of the dots, were used to calculate the strain field in the film by first discretizing the film into an array of triangles, each defined by a group of neighboring three dots (Fig. 4) . The twodimensional strain components for each triangle were then calculated as
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where ds and dS are the strained and unstrained magnitudes of the sidelengths of the triangle, respectively, E is the Green-Lagrange strain tensor, and dX has the Cartesian components of the unstrained side-lengths of the triangle. We note that this method necessarily treats the strain field as uniform within a given triangular region and that the resulting strain components represent average values for each region.
Cell staining
After cell culture, VSMCs on thin films were fixed using 4% glutaraldehyde (Polysciences, Inc., Warrington, PA) in PBS for approximately 15 min at room temperature. The cells were then treated for 5 min in 0.5 mg/mL of potassium borohydride (Sigma) in PBS to remove Fig. 2 . Custom-made cyclic strain apparatus designed to accommodate four samples and fit into a standard cell culture incubator. Aluminum clamps attach each end of the elastic substrate to the apparatus. To increase the uniformity of the strain field on the film, a dowel pin is placed between the top clamp and the PDMS film. Additionally, a jig is used to ensure the PDMS is centered on the apparatus and to ensure a uniform applied strain for each of the samples. On one end, the film is secured to a movable stage and the other end, to a stationary platform. An enclosed gear motor outfitted with an eccentric hub actuates the cyclic motion of the stage, and a stainless-steel link connects the hub to the movable stage. The apparatus is designed to enable an application of strain rate ranging from 0 to 2 Hz and a strain magnitude of 10%. auto-fluorescence. Cells were then incubated in Hoechst 33342 (Molecular Probes), 1 mM in PBS, for 30 min at room temperature to stain the nuclei (Fig. 5 ).
Microscopy and image analysis
The samples were imaged with a Zeiss Axiovert S100 Microscope (Carl Zeiss) equipped with fluorescence and a digital camera, and images were processed using Metamorph Data Acquisition software (Universal Imaging, Downington, PA). Image-Pro Plus (Media Cybernetics, Silver Spring, MD) was used to obtain cell metrics from cell images. To determine cell orientation on smooth and microtextured PDMS films, the cell nucleus orientation was measured (Dunn, 1982) using ImageJ (NIH freeware). Cells were outlined by hand and a software plug-in was used to determine the major and minor axes of each cell. The angle of the cell nucleus was then determined using the major axis of the cell. For all films the cell angle was measured with respect to the direction of the applied tensile strain, with a cell angle of 01 signifying perfect alignment with the tensile strain axis. Three or four films were used for each combination of grooves and strain direction, and for each film 16-28 images were taken, with each image containing between 1 and 129 cells. This led to $700-1400 measured cell orientation angles for each combination of groove width and strain direction.
Statistical analysis
For each groove width and pattern orientation, the cell orientation data were fit to a von Mises probability distribution, which describes a distribution of random variable with period 2p. The probability density function for this distribution is 
where m is the mean cell orientation angle, k the inverse of the variance of the angle, and I 0 (k) the zeroth-order Bessel function evaluated for the calculated value of k. Fitting Eq. (2) possess a maximum theoretical range of 0-2p (or Àp to p). However, because measurements were taken as the angle between the long axis of the cell and the strain axis, the measured angles y range only from 0 to p. Thus, these angles were multiplied by 2 prior to the curve fit such that x in Eq. (2) represents 2y. Fig. 3 shows the von Mises fits for data collected from films with 40 mm grooves oriented either parallel or perpendicular to the applied strain. For all of the groove width and groove orientation combinations, the data were represented well by a von Mises distribution. To determine the separate and combined effects of groove width and groove orientation on cell alignment, values of m and K were compared across combinations of groove width and orientation using analysis of variance (ANOVA). Values of po0.05 were considered to be significant. Values of K and m determined from the experiments are shown in Table 1 .
Results
Strain field characterization
The plot shown in Fig. 4 demonstrates that the central region of the film experienced tensile strains ranging between 5.15% and 6.67%. In our cell alignment studies, only VSMCs seeded in the central region of the film were evaluated.
Cyclic strain studies
The average cell orientation angle m and standard deviation of VSMCs on unpatterned PDMS films were determined to be 47.5726.31 on unstrained films. On unpatterned, cyclically strained films the average cell orientation angle was determined to be significantly higher at 59.3721.81 (po0.05). The histogram in Fig. 6 reveals that for these unpatterned films, approximately 57% of the cells were oriented at angle 601 or greater with respect to the applied tensile strain, whereas cells had a more uniform distribution of orientation angles in the absence of strain.
The cell orientation angle distributions for VSMCs on films with grooves perpendicular to the direction of the applied cyclic strain are shown in Fig. 7(A) . Average cell orientation angles and standard deviations were measured to be 72.11720.71, 69.71721.51, and 65.81723 .21 on 15, 40, and 70 mm grooved films, respectively. For all three groove widths, the average cell orientation angles were significantly higher than those on unpatterned, strained films (po0.05 for all cases). In addition, as the groove width decreased, the proportion of cells aligned nearly perpendicular (80-901) to the strain increased steadily from 36% to 44% to 54% for 70, 40, and 15 mm grooved films, respectively.
The cell orientation angle distributions for VSMCs on films with grooves parallel to the direction of the applied cyclic strain are shown in Fig. 7(B) . The average orientation angles for cells on films with grooves oriented parallel to the cyclic strain were found to be significantly lower than the 59.31 found for unpatterned films. Cell orientation angles for VSMCs were measured as 26.21724.31, 22.61723.41, and 34.51726 .21 for 15, 40, and 70 mm grooved films, respectively. On all patterned films, the largest fraction of cells were oriented parallel (0-101) to the applied strain. VSMCs on 40 mm grooved films had the highest percentage of parallel aligned cells (41%). For cells on 15 and 70 mm grooved films, 34% and 25% of cells were aligned parallel to the strain axis, respectively. Fig. 5 . Representative image of Hoechst straining on films. Cells in images were seeded onto a film with 70 mm grooves, with images taken using brightfield (A) and DAPI (B). DAPI images were then used to determine the major axes of the cells and the corresponding angle in relation to the applied strain. K is the inverse of the variance (1/deg 2 ) and m is the mean of each set of cell angles (deg). ''US'' and ''S'' refer to unstrained and strained films, respectively, ''Perp'' refers to microgrooves oriented perpendicular to applied strain and ''Para'' refers to microgrooves oriented parallel to the applied strain. For all data, the angle is measured from strain axis. Values are average fitted parameters over all films used for the given combination of orientation and groove width (n ¼ 3 or 4).
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Discussion
Our experiments with unpatterned substrata confirmed previous findings that cyclic strain leads to cellular alignment perpendicular to the strain axis. On unpatterned substrata subjected to cyclic strain, the distribution of cell angles clearly showed a trend toward perpendicular alignment to the direction of applied strain. A higher percentage of cells were found in a smaller range of bins, with over 50% of cells having an angle greater than 601 on strained films, as opposed to 30% for unstrained films, which is indicative of an even distribution. This is in agreement with findings previously reported (Kanda et al., 1992; Wang and Grood, 2000) . The unstrained films had an even distribution of cell angles across the 901 span, implying no preferred orientation in the absence of mechanical and microtopographical cues.
However, when we combined cyclic mechanical strain with microgrooved substrata, we found that cell orientation depends on the orientation of the grooves with respect to the direction of applied cyclic, tensile strain. For cells on substrata with grooves perpendicular to the direction of applied strain we observed that the strength of cellular alignment in the direction perpendicular to the strain axis increased significantly as compared to unpatterned substrata (po0.05). In contrast, when the microgrooves were parallel to the direction of cyclic strain, we found that cells tended to be aligned in the groove direction, rather than perpendicular to the strain axis. Together, these results suggest that the arrangement of microgrooves parallel to direction of applied strain is a barrier to the tendency of cells to reorient perpendicular to the strain axis.
This antagonistic effect of groove orientation on cell alignment was the weakest for 70 mm grooves. One possible reason for this finding is that the wide grooves provide the most room for cells to maneuver and orient themselves as they respond to the cyclic strain. Interestingly, cell alignment on 15 mm groove films is significantly lower than on 40 mm groove films (po0.05). This in contrast to previous findings, which show that for decreasing groove width the frequency of alignment in the grooves is greater (Glawe et al., 2005) . However, in the mentioned study, the groove separation was 10 mm, while in the current study the spacing is 14 mm. Consequently, while the space provided for cell movement by 40 mm grooves is greater than for the 15 mm grooves, cells on 15 mm grooved films mainly attached to the ridges as opposed to aligning within the grooves. Thus, the cells in this case were not restrained within grooves and were able to reorient above the plane of the pattern. This suggests that the walls of the grooves provide additional restraint to the cyclic strain orientation response of the cells. Thus, for different groove spacings at narrower microgrooves, the trend toward greater alignment in the grooves for narrower channels does not hold. The results illustrate a lower limit of microgroove width, where making the grooves narrower becomes less effective at constraining cells in the presence of cyclic strain. This phenomenon has not previously been observed for microgroove topography without a secondary stimulus, and was also not observed in previous studies combining both alignment stimuli. This shows the importance of the groove spacing towards cell behavior for multiple stimuli when using microgrooves. Applying cyclic strain to a substrate within an aqueous medium will inevitably cause some swirling of the solution and resulting fluid shear stress (FSS) on the attached cells. Studies have shown that FSS of 10 dyn/cm 2 resulted in significant reorientation of VSMCs, whereas FSS of 1 dyn/cm 2 did not lead to reorientation (Lee et al., 2002) . Moreover, other studies have shown that for 10% strain in culture (above what was used in this study), the induced FSS is in the range of 070.2 dyn/cm 2 (Sung et al., 2007) , which is well below the reported range needed for VSMC reorientation. As a result, effects due to FSS in the current study were not considered in the analysis.
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The data suggest that there is a range of microgroove widths for which the effect of cyclic strain can be attenuated for the groove spacing investigated. With small groove widths, such as the 15 mm grooves, the cells tend to remain on the top surface and can reorganize better, as influenced by the cyclic strain. However, with large groove widths the cells have more freedom to move within the grooves, again lending themselves to reorganization as a result of the cyclic strain. Our conclusion is that there is an effective range of groove widths which will effectively limit the ability of VSMCs to reorganize in the presence of an applied cyclic strain oriented parallel to the grooves for a given groove spacing. Because of the sensitivity of alignment behavior to all three of the dimensions of microgroove topography, future work should be done to better characterize the interplay between cyclic strain and microgrooves by using more combinations of groove width, depth, and spacing to better understand the effective range of maintaining cellular alignment in the presence of an antagonistic mechanical stimulus for varying dimensions of microgrooves.
In order to understand the underlying mechanisms for realignment, it would be beneficial to carry out studies investigating the cell signaling pathway and the effects of cytoskeletal rearrangement induced by the combined effects of the stimuli. Previous studies have suggested the involvement of nitric oxide signaling for VSMCs subjected to cyclic strain (Standley et al., 2002) , though there are likely multiple alternate pathways in the combined system. Studies regarding cytoskeletal changes induced by the two stimuli have been conducted independently on fibroblasts, . Orientation angles for patterned films subjected to cyclic strain with grooves oriented (A) perpendicular to strain and (B) parallel to strain. For all cases the angle is measured from the axis of the applied tensile strain, and films were subjected to approximately 6% strain at 1 Hz.
and suggest different mechanisms for cytoskeletal rearrangement. A study involving cyclic strain found that the effects of the stimulus led to increased f-actin production and subsequent changes in cell structure (Pender and McCulloch, 1991) . On the other hand, contact guidance studies of fibroblasts using different cytoskeletal inhibitors found that the most influential component of cytoskeletal rearrangement was microtubules (Oakley et al., 1997) . The interplay between the two components of the cytoskeleton (actin and microtubules) in the presence of the two different stimuli is yet to be investigated. Future studies into the effects on the cytoskeleton in a combined system would be beneficial for understanding the pathways and hierarchy for cellular alignment.
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